Cellulose Induction Xylan Xylose a b s t r a c t This manuscript describes the analysis of the effect of cellulose, carboxymethylcellulose (CMC), xylan, and xylose as inducers of cellulase and xylanase activity production by Ganoderma applanatum MR-56 and the optimization of their production in liquid cultures by statistical methods. The PlacketteBurman screening design was applied to identify the most significant inducers of xylanase and cellulase activities production by G. applanatum MR-56.
Introduction
The fungus Ganoderma applanatum is a widely distributed wood-decaying Basidiomycete (Dinis et al. 2009 ). Species of Ganoderma are important wood decay fungi occurring on conifers, hardwoods throughout the world (Elisashvili et al. 2009 ). They are white-rot fungi with the ability to decay wood from simultaneous decay to preferential removal of lignin. The most known species of the genus Ganoderma, namely Ganoderma lucidum, has an array of pharmacological properties for immunomodulatory activity (Russell & Paterson 2006) . The increasing demand for enzyme production has enhanced the need for investigating new enzyme sources. In recent years, the potential use of mushrooms as biotechnological sources of enzymes has stimulated interest in their exploration.
Bioethanol is the most produced biofuel worldwide with almost 74 billion litres in 2009, EU ranking third behind United States (54 %) and Brazil (34 %), with a production of 3.7 billion litres in 2009 (Soccol et al. 2011) . The key step for conversion of lignocellulosic biomass into fermentable sugars for fuel ethanol production is represented by the hydrolysis of polysaccharides, resulting from biomass pretreatment, by the enzymes cellulases and hemicellulases. Filamentous fungi are the major source of cellulases and hemicellulases. As far as cellulases are concerned, there are three main enzymatic activities involved in cellulose hydrolysis: (1) endoglucanases (EC 3.2.1.4); (2) exoglucanases, including D-cellodextrinases (EC 3.2.1.74) and cellobiohydrolases (EC 3.2.1.91); and (3) b-glucosidases (EC 3.2.1.21). As far as hemicellulases are concerned, endo-b-1,4-xylanases (EC 3.2.1.8) and b-xylosidases (EC 3.2.1.37) are required for degradation of the xylan backbone, while auxiliary enzymes such as a-glucuronidases (EC 3.2.1), a-arabinofuranosidases (EC 3.2.1.55), acetylesterases or acetyl xylan esterases (EC 3.1.1.6) are required to achieve the complete degradation of complex substituted xylans.
One of the main challenges for achieving economical feasibility of lignocellulosic ethanol is reducing the high cost of cellulase and xylanase enzymes for biomass hydrolysis. Research on regulation of cellulase and xilanase genes' expression may be very useful for increasing production of these enzymes in their native producers.
This manuscript describes the analysis of the effect of several compounds known as inducers of cellulase and xylanase production (Amore et al. 2013 ) on the production of cellulase and xylanase activities by G. applanatum and the optimization of their production in liquid cultures by statistical methods.
Material and methods

Microorganism
The Basidiomycete Ganoderma applanatum was obtained from the Bioprocesses Engineering and Biotechnology Department culture collection from the Federal University of Paran a (UFPR, Curitiba, Brazil). The strain was maintained through periodic transfer at 4 C on potato dextrose agar (PDA) plates after cultivation of mycelial blocks (5 Â 5 mm) at 30 C for 7 d.
Preinoculum
Four mycelial blocks (5 Â 5 mm) of Ganoderma applanatum were inoculated in 50 mL of a modified Czapek liquid medium consisting of 30 g L À1 glucose, 6 g L À1 yeast extract, 1 g L À1 KH 2 PO 4 , 0.5 g L À1 MgSO 4 , and 0.01 g L À1 FeSO 4 ; pH 6.0, within a 100 mL flask. The fungus was incubated in a shaker at 150 rpm, 28 C for 7 d.
Preliminary study of inducers of Ganoderma applanatum cellulase and xylanase activities production
The experiments were carried out in multiwells plates containing 1.5 mL of medium and 3 % w/v of filtered pellets of G. applanatum in each well. The medium consisted of 0.005 g L À1 FeSO 4 $7H 2 O, 0.00156 g L À1 MnSO 4 $H 2 O, 0.0014 g L À1 , ZnSO 4 $7H 2 O g L À1 , 0.002 g L À1 CoCl 2 , 1.5 g L À1 KH 2 PO 4 , 0.15 g L À1 CaCl 2 , 0.15 g L À1 MgSO 4 $7H 2 O, and 2.5 g L À1 yeast extract (except in the studies of nitrogen sources) pH 6.0 and 1 % (w/v) of xylan, xylose, cellulose or carboxymethylcellulose (CMC). Different concentrations of cellulose (0.25 %, 0.5 %, 1 %, 1.5 %, 2 %, and 2.5 % (w/v)) were also compared.
Different nitrogen sources (1 g L À1 yeast extract, 1 g L À1 peptone, and 1 g L À1 ammonium sulphate) were tested using 0.5 and 1 % w/v cellulose as carbon source.
The plates were incubated at 28 C under 150 rpm of agitation. The supernatant was recovered by centrifugation and analyzed to evaluate the cellulase or xylanase activity. The samples were monitored during 24e168 h of fermentation at intervals of 24 h. All the experiments were performed in triplicates.
Enzymatic activity assays
Xylanase assay
Xylanase activity assay was performed according to Bailey et al. (1992) . The reaction mixture consisting of 1.8 mL of a 1.0 % (w/v) suspension of birch-wood xylan in 50 mM sodium citrate at pH 5.3 and 0.2 mL of enzyme dilution (in 50 mM sodium citrate at pH 5.3) was incubated at 50 C for 5 min. Released reducing sugars were determined by dinitrosalicylic acid reagent (DNS) method (Miller 1959) , by adding 3 mL of DNS solution and then incubating the mixture at 95 C for 5 min. Absorbance was measured at 540 nm. One unit of enzyme is defined as the amount of enzyme catalyzing the release of 1 mmol of xylose equivalent per minute.
Azo-CMCase assay
Endo-1,4-beta-glucanase activity produced in liquid culture was assayed using Azo-CMC (Megazyme, Ireland) as substrate, following supplier's instructions.
Statistical analysis
The inducers xylan, xylose, cellulose, and CMC were tested using Surface Response Methodology (SRM) as the strategy for optimizing cellulases and xylanases production adopting inducers. The experimental designs are presented below. The matrixes of PlacketteBurman (PB) factorial design and 2 3 factorial experimental design were obtained by the Statistica 5.0 software (Statsoft Inc., 2008) . The data collected were also analyzed in the same software. Analysis of variance (ANOVA) of data and graphics was also generated by the software. ANOVA table consists of calculations that provide information about levels of variability within a regression model and form a basis for tests of significance.
PB factorial design for evaluation of the most significant inducers
Based on PB 11/12 factorial design, each variable was examined at two levels: À1 for low level and þ1 for high level (Supplementary Table 1 ). The factors used at the PB were 1 % (w/v) xylan, 1 % (w/v) xylose, 1 % (w/v) cellulose, and 1 % (w/v) CMC and D 1 , D 2 , D 3 , D 4 , D 5 , D 6 , and D 7 represent dummy factors ( Supplementary Table 2 ) (Plackett & Burman 1946) .
3 Factorial experimental design
The influence of the factors cellulose, yeast extract, and pH ( Supplementary Table 3 ) on xylanase and cellulase activities production was evaluated performing a 2 3 factorial experimental design with eight experiments and four central points totalizing 12 runs.
Validation of model generated by optimization
After achieving the data in a model of 2 3 factorial experimental design, complementary experiments (in triplicate) were performed in Erlenmeyer flasks of 100 mL containing 50 mL of medium and 3 % of preinoculum. The medium consisted of 0.005 g L À1 FeSO 4 $7H 2 O, 0.00156 g L À1 MnSO 4 $H 2 O, 0.0014 g L À1 ZnSO 4 $7H 2 O g L À1 , 0.002 g L À1 CoCl 2 , 1.5 g L À1 KH 2 PO 4 , 0.15 g L À1 CaCl 2 , 0.15 g L À1 MgSO 4 $7H 2 O, at 28 C and 150 rpm of agitation. The conditions tested for validation were the optimal conditions obtained after the optimization strategy: 1 % w/v cellulose and 5 g L À1 of yeast extract at pH 6.0 for xylanase activity production, 1 % w/v cellulose and 5 g L À1 of yeast extract at pH 4 for cellulase activity production. Then, the variables responses achieved experimentally were compared to the responses obtained theoretically using the model generated by the factorial design. If the results (experimental and theoretical) do not differ significantly ( p < 0.05), then the model may be validated.
Results
Analysis of inducers of Ganoderma applanatum LPB MR-56 cellulase and xylanase activities production
A preliminary screening of the potential inducers e xylan, xylose, cellulose, and CMC e of cellulase and xylanase activities production by G. applanatum LPB MR-56 was performed in multiwell microplates. It revealed the effect of cellulose and CMC as inducers of xylanase ( Fig 1A) and cellulase ( Fig 1B) activities production.
The effect of different concentrations of cellulose was also tested (Fig 2) , showing that a similar maximum value was achieved with 0.25, 0.5, and 1 % w/v cellulose for both xylanase (Fig 2A) and cellulase activities production ( Fig 2B) .
Different nitrogen sources (yeast extract, peptone, and ammonium sulphate) were tested using 0.5 and 1 % w/v cellulose as carbon source (Fig 3) . These experiments showed that the best nitrogen source for xylanase and cellulase activities production depends on the concentration of cellulose used. As a matter of fact, for xylanase activity production, yeast extract was revealed to be the best nitrogen source when using 1 % w/ v cellulose whilst peptone was the best nitrogen source when using 0.5 % w/v cellulose. The opposite behaviour was exhibited by these nitrogen sources for cellulase activity production in the presence of 0.5 % w/v or 1 % w/v cellulose.
The observed effect of cellulose concentration can be due to the different C:N ratios in medium that affects fungal growth and metabolism thus also affecting the enzyme production.
Screening of inducers affecting xylanase and cellulase activities production by PB design
The PB screening design was applied to identify the most significant inducers of xylanase and cellulase activities production by Ganoderma applanatum LPB MR-56 in liquid culture. The results of the analysis reported in Table 1 (for xylanase activity production) and Table 2 (for cellulase activity production) showed different patterns at different times.
The Pareto Charts indicating the standardized effects of the inducers on xylanase and cellulase activities production are presented in Figs 4 and 5, respectively. ANOVA data are reported in Supplementary Tables 4 (for xylanase activity production) and 5 (for cellulase activity production).
The most significant inducer effect on xylanase activity production was exercised by cellulose, even if xylose and CMC were also effective at some times ( Supplementary  Table 4 ). At 96 h cellulose represents the best inducer, and, at 120 h, both cellulose and xylose are significant inducers, cellulose being the best one. At 168 h, cellulose is the most significant inducer followed by CMC.
As shown in Fig 4, reporting the Pareto Chart of xylanase activity production at 120 h of fermentation, cellulose showed significance at 95 % of confidence level ( p < 0.05) with a slight positive effect (effect ¼ þ2.32) on xylanase activity production.
The highest inducer effect also on cellulase activity production was performed by cellulose, even if xylose was also effective at some times as reported in Supplementary Table 5 . The most statistically significant inducers for cellulase activity production were shown to be different at different times, being (in order of significance when more inducers are revealed) xylose, CMC, and cellulose at 96 h, cellulose and CMC at 168 h.
In Fig 5, the Pareto Chart of cellulase activity production in 96 h of fermentation (R 2 ¼ 0.83/R 2 adj. ¼ 0.77) is reported showing the significant factors at 95 % of confidence level ( p < 0.05). Xylose presented a slight negative effect (effect ¼ À1.05) on cellulase production, while cellulose and CMC positively affected cellulase activity production (effect ¼ þ0.79 and effect ¼ þ0.98, respectively), even their effect were also slight.
Analysis of combined effect of cellulose, yeast extract, and pH on xylanase and cellulase activities production and validation of model generated by the 2 3 factorial experimental design To analyze the combined effect of cellulose, yeast extract, and pH, a 2 3 factorial experimental design with 12 runs was performed. This analysis for xylanase activity production showed that the maximum cellulose (1 % w/v) and yeast extract (5 g L À1 ) concentrations gave the maximum activity values, and that the optimal pH value was different at 72 (pH 6) and 96 (pH 4) h (Fig 6A) , reaching 8.24 and 5.36 U mL À1 , respectively. The ANOVA ( Supplementary Table 6 ) shows the significant variables, adjusts parameters (R 2 and R 2 adj.) as the p value for xylanase activity production.
For cellulase activity, the best combination was given by the maximum cellulose and yeast extract concentrations and pH 4 ( Fig 6B) , giving 3.29 U mL À1 . Supplementary Table 7 shows the ANOVA for cellulose production, including significant variable, significant interaction, and statistic parameters.
For xylanase activity production in 72 h of fermentation, the model which describes the Surface Response (Fig 6A) is demonstrated by the Eq. (1):
For cellulase activity production in 96 h of fermentation, the model which describes the Surface Response (Fig 6B) is demonstrated by the Eq. (2):
where Cel Act. ¼ cellulase activity (U mL À1 ); CEL ¼ cellulose (% w/v); YEA ¼ yeast extract (% w/v). The evaluation experiments 2 3 factorial design performed at the observed and predicted conditions demonstrated that experimental values were reasonably close to the predicted values confirming the validation and adequacy of the predicted models. The experimental results (average) did not differ significantly ( p < 0.05) with the theoretical values obtained by the generated model ( Supplementary Table 8 ).
Discussion
The preliminary screening of the potential inducers of cellulase and xylanase activities production performed for Ganoderma applanatum LPB MR-56 in multiwell microplates revealed a maximum value for cellulase activity at 96 h in the presence of cellulose of 1.75 U mL À1 , representing a 7and 13-fold higher value than those so far reported for other strains of G. applanatum by Salinasa et al. (2011) e around 0.27 U mL À1 e and Dinis et al. (2009) e around 0.13 U mL À1 , respectively, especially considering that the Azo-CMCase activity assay adopted in this study gives lower values than the CMCase activity assay reported in the manuscripts by Salinasa et al. (2011) and Dinis et al. (2009) . The highest xylanase activity values achieved for G. applanatum LPB MR-56 at 144 (9.72 U mL À1 ) and 120 (7.68 U mL À1 ) h in the presence of CMC and cellulose, respectively, are 42-and 33-fold higher than the maximum (around 0.23 U mL À1 ) so far reported for another strain of G. applanatum (Dinis et al. 2009 ).
The most significant inducers of xylanase and cellulase activities production by G. applanatum LPB MR-56 in liquid culture were then identified by statistical methods. Cellulose revealed to be the best inducer of cellulase activity production but also CMC and xylose were effective in inducing production of this enzymatic activity, coherently with the results reported for other fungi, being cellulose, CMC, and xylose typical inducers of fungal cellulase activity production (Amore et al. 2013; Jourdier et al. 2013) . Cellulose caused the highest inductive effect on G. applanatum LPB MR-56 xylanase activity production and xylose was also shown able to induce it. Different inducibility of fungal xylanase genes' expression was observed in other fungi. In Trichoderma reesei, xylose induces production of XYN1 whilst cellulose induces XYN2 production (Zeilinger et al. 1996) . Xylanase activity produced by Aspergillus phoenicis is induced by xylan, xylose or betamethylxyloside (Rizzatti et al. 2008) . Altaf et al. (2010) reported that the values of xylanase activity of the basidiomycetes Flammulina velutipes and Pleurotus eryngii using the inducer xylose were higher than those produced with xylan, both for F. velutipes (5.3 U mL À1 vs 4.36 U mL À1 ) and P. eryngii (6.83 U mL À1 vs 1.26 U mL À1 ). A different behaviour was observed for hemicellulase activities of Thermoascus aurantiacus whose production level was not increased by xylose (Brienzo et al. 2012) . Xylanase activity was produced by Thermomyces lanuginosus TISTR 3465 at low level with xylose whilst xylan showed the highest inductive effect on the enzyme formation whereas xylobiose and xylooligosaccharides resulted in lesser effect (Khucharoenphaisan et al. 2010) .
The most effective inducers for G. applanatum LPB MR-56 xylanase and cellulase activities production were shown to be different at different times that is typical of fungal xylanase and cellulase activities induction (Amore et al. 2013) and can be due to the complex fungal metabolism and its relationship with the changeable conditions in the culture medium over the time.
The combined effects of cellulose, yeast extract, and pH on G. applanatum LPB MR-56 xylanase and cellulase activity production was analyzed by a 2 3 factorial experimental design with four central points that allowed identifying the conditions that give the maximum production of xylanase (8.24 U mL À1 ) and cellulase (3.29 U mL À1 ) activity. The highest xylanase activity level thus achieved represents a 36 fold Fig 3 e Effect of different nitrogen sources e 1 g L L1 yeast extract, 1 g L L1 peptone, 1 g L L1 ammonium sulphate e on xylanase activity production with 0.5 % of cellulose (A), xylanase activity production with 1 % of cellulose (B), cellulase activity production with 0.5 % cellulose (C), and cellulase activity production with 1 % of cellulose (D), by G. applanatum LPB MR-56 in liquid culture in multiwell microplates.
higher value than the maximum so far reported for other strains of G. applanatum (Dinis et al. 2009 ). As far as cellulase activity is concerned, the best combination gave a value of activity representing 12 and 25 fold higher value than the maximum so far reported for other strains of G. applanatum by Salinasa et al. (2011) and Dinis et al. (2009) , respectively.
The estimated effects of the 2 3 factorial experimental design showed that for xylanase activity production, at 72 h of fermentation, cellulose (%) and the interaction between cellulose and yeast extract present significant positive effects on xylanase activity production, whilst at 96 h, only the pH was the significant variable, although the pH presented a negative effect (À0.9695) on xylanase activity. It means that if the initial pH value of fermentation tends to values around 4.0 the maximum activity of xylanase would be achieved ( Fig 6A) .
Cellulose (%) ( p ¼ 0.030), yeast extract (%) ( p ¼ 0.0148), and the interaction of these variables cellulose and yeast extract ( p ¼ 0.038) demonstrated statistical significance ( p < 0.05) for cellulase activity production. For example, if the concentration of cellulose in the medium composition increases a little more than 1 % w/v, and also for yeast extract, statistical analysis indicated that the cellulase activity production also increases (if considered 96 h of fermentation) ( Fig 6B) .
The experimental results (average) did not differ significantly ( p < 0.05) with the theoretical values obtained by the generated model ( Supplementary Table 8 ). Then, the models obtained by 2 3 factorial experimental design (shown in Eqs. 1 and 2, respectively) were experimentally validated in this study.
In conclusion, this manuscript allowed identifying for the first time the inducers of cellulase and xylanase activities in G. applanatum LPB MR-56, reported an optimization of culture conditions by statistical methods, and showed the ability of this strain to produce cellulase and xylanase activities in liquid cultures at higher values than the maximum so far reported for other strains of G. applanatum. Moreover, some culture conditions allowed the simultaneous production of both cellulase and xylanase activities representing the ideal scenario for using these enzymes for lignocellulose saccharification aimed at bioethanol production.
These results can contribute to the advancements in developing enzymatic mixtures for cellulose saccharification and ethanol production. 
